Introduction {#s1}
============

A significant part of nuclear genomes in plants, including those with small genomes such as rice, *Brachypodium* and *Arabidopsis* is occupied by various types of repetitive DNA sequences [@pone.0054808-Bennetzen1], [@pone.0054808-Ingham1], [@pone.0054808-Shapiro1]. Repetitive DNA sequences are classified based on genomic organization of repetitive units as dispersed and tandem. Dispersed repeats, represented by various classes of transposable elements encode for proteins which facilitate their replication and integration into nuclear genome [@pone.0054808-Kubis1]. Tandem repeats usually contain non-coding sequences organized in tandem arrays [@pone.0054808-Charlesworth1], [@pone.0054808-Elder1], [@pone.0054808-Cheng1], [@pone.0054808-Ellegren1], [@pone.0054808-Tek1]. The arrays may be large and consist of thousands or even millions of repetitive units arranged in head-to-tail orientation [@pone.0054808-Macas1], [@pone.0054808-Willard1]. The processes by which satellites arise and evolve are not well understood, and unequal crossing over, gene conversion, transposition and formation of extra chromosome circular DNA (eccDNA) were implicated [@pone.0054808-Navrtilov1].

The analysis of repetitive DNA and satellite DNA in particular, has been hampered by the presence of multiple copies of the same or similar sequences arranged in tandem. However, the situation changed recently with the advent of new sequencing technologies, which enable identification and reconstruction of tandem organized units even from partial genome sequencing data [@pone.0054808-Hibov1], [@pone.0054808-Macas2], [@pone.0054808-Macas3]. On line with the analysis at DNA level, long-range organization of satellite DNA has been studied using cytogenetic methods; fluorescence *in situ* hybridization (FISH) being the most frequent. Large blocks of satellite DNA are typically observed in heterochromatic regions of chromosomes and are usually located in centromeric and telomeric regions [@pone.0054808-Schmidt1], [@pone.0054808-Zatloukalov1]. Chromosome loci rich in satellite DNA usually show specific banding pattern and this makes them useful cytogenetic markers to discriminate individual chromosomes [@pone.0054808-Han1], [@pone.0054808-Macas4], [@pone.0054808-Navrtilov2], [@pone.0054808-Sharma1]. The presence of chromosome landmarks enables identification of individual chromosomes and is a prerequisite to study structural changes accompanying evolution and speciation and to follow chromosome behavior and transmission in interspecific hybrids [@pone.0054808-Kopeck1], [@pone.0054808-Kopeck2].

Bananas are a staple food and important export commodity in many countries of humid tropics. Most of banana cultivars are seed sterile diploid and triploid clones originating from natural inter- and intra-specific crosses involving wild diploid species of genus *Musa*: *M. acuminata* (A genome) and *M. balbisiana* (B genome) [@pone.0054808-Simmonds1]. Both species belong to section *Eumusa* (*x* = 11); other three sections are recognized within the genus *Musa* based on chromosome number and morphology: *Rhodochlamys* (*x* = 11), *Australimusa* (*x* = 10) and *Callimusa* (*x* = 10 or *x* = 9). Nuclear genome of *Musa* is relatively small (1C×∼550--750 Mbp) [@pone.0054808-Barto1], [@pone.0054808-Doleel1] and divided to 1--2 µm long and morphologically similar chromosomes. This makes cytogenetic studies difficult and there is no reliable method to identify all chromosomes within a karyotype and discriminate parental chromosomes in hybrids. Genomic *in situ* hybridization (GISH) has been used occasionally to identify parental chromosomes in some hybrid cultivars [@pone.0054808-DHont1], [@pone.0054808-Osuji1]. However, the method discriminates only (peri)centromeric chromosome regions. Apart from identifying parental chromosomes, the paucity of chromosome-specific landmarks and markers hampers studies on karyotype evolution and chromosome behavior in hybrids. To date, only a few DNA sequences and probes such as rDNA, some DNA repeats and BAC clones were found useful to study the organization of plant nuclear genomes at cytogenetic level [@pone.0054808-Doleelov1], [@pone.0054808-Hibov2], [@pone.0054808-Valrik1].

Recently, a variety of repetitive DNA elements including two new satellite DNA sequences were identified *in silico* from 454 sequencing data of *M. acuminata* cv. 'Calcutta 4' [@pone.0054808-Hibov1]. Even though most of retrotransposons were found dispersed along all banana chromosomes, some of them (a LINE element and a CRM retrotransposon) were located in (peri)centromeric regions, while the DNA satellites were identified on specific chromosome loci [@pone.0054808-Hibov1]. These results indicated a potential of these sequences as cytogenetic markers.

In this work we characterized genomic organization of two main banana DNA satellites together with other DNA sequences (a LINE element, rRNA genes, a BAC clone) in nineteen accessions of *Musa*, including inter-specific hybrids. Molecular analysis of the two DNA satellites revealed their sequence conservation within and between the accessions. The mode of their genomic distribution makes them suitable as cytogenetic markers. We show that the LINE-like element is present in centromeric regions of all nineteen accessions and can be used as centromere-specific cytogenetic marker. The present work improves the knowledge of genome structure in *Musa* and expands the number of individual chromosomes which can be identified. Differences in fluorescent labeling patterns obtained after FISH with a set of probes can be used to support determination of genomic constitution in inter-specific hybrids.

Materials and Methods {#s2}
=====================

Plant Material and Genomic DNA Extraction {#s2a}
-----------------------------------------

*In vitro* rooted plants of 18 *Musa* accessions were obtained from the International Transit Centre (ITC, Katholieke Universitiet, Leuven, Belgium). Five rooted plants of *M. balbisiana* clone 'Pisang Klutuk Wulung' were obtained from Dr. François Côte (CIRAD, Guadeloupe). The *in vitro* plants were transferred to soil and all plants were maintained in a greenhouse. [Table 1](#pone-0054808-t001){ref-type="table"} lists all accessions used in the present study.

10.1371/journal.pone.0054808.t001

###### List of *Musa* accessions and their genome sizes.

![](pone.0054808.t001){#pone-0054808-t001-1}

  Species                Subspecies         Accession name      ITC code   Genomic constitution[a](#nt101){ref-type="table-fn"}   2C nuclear DNAcontent \[pg\]   Mean monoploid genome size \[Mbp/1C~x~\][b](#nt102){ref-type="table-fn"}   Reference[c](#nt103){ref-type="table-fn"}  
  ------------------ ------------------ ---------------------- ---------- ------------------------------------------------------ ------------------------------ -------------------------------------------------------------------------- ------------------------------------------- ----------------------------------------
  *M. acuminata*      *burmannicoides*        Calcutta4           0249                              AA                                       1.226                                                0.004                                                        600                      Bartoš *et al*. [@pone.0054808-Barto1]
                        *burmannica*          Long Tavoy          0283                              AA                                       1.238                                                 0.01                                                        605                        [\*](#nt104){ref-type="table-fn"}
                         *zebrina*             Maia Oa            0728                              AA                                       1.325                                                 0.02                                                        648                        [\*](#nt104){ref-type="table-fn"}
                       *malaccensis*          DH Pahang           1511                              AA                                       1.214                                                0.027                                                        594                        [\*](#nt104){ref-type="table-fn"}
                                               Tuu Gia            0610                              AA                                       1.261                                                 0.02                                                        617                        [\*](#nt104){ref-type="table-fn"}
  *M. balbisiana*                              Cameroun           0246                              BB                                       1.121                                                0.003                                                        548                       Lysák *et al*. [@pone.0054808-Lysk1]
                                               Honduras           0247                              BB                                       1.133                                                0.002                                                        554                        [\*](#nt104){ref-type="table-fn"}
                                                 Tani             1120                              BB                                       1.126                                                0.014                                                        551                        [\*](#nt104){ref-type="table-fn"}
                                         Pisang Klutuk Wulung      --                               BB                                       1.132                                                0.025                                                        554                        [\*](#nt104){ref-type="table-fn"}
  *M. schizocarpa*                        *Musa schizocarpa*      0560                              SS                                       1.373                                                0.015                                                        671                        [\*](#nt104){ref-type="table-fn"}
                                          *Musa schizocarpa*      1002                              SS                                       1.364                                                0.003                                                        667                        [\*](#nt104){ref-type="table-fn"}
  Hybrids                                    Obino l'Ewai         0109                             AAB                                       1.777                                                0.004                                                        579                       Lysák *et al*. [@pone.0054808-Lysk1]
                                                Maritú            0639                             AAB                                       1.847                                                0.005                                                        602                       Lysák *et al*. [@pone.0054808-Lysk1]
                                            3 Hands Planty        1132                             AAB                                       1.786                                                0.019                                                        582                        [\*](#nt104){ref-type="table-fn"}
                                               Pelipita           0472                             ABB                                       1.751                                                0.002                                                        571                       Lysák *et al*. [@pone.0054808-Lysk1]
                                              Balonkawe           0473                             ABB                                       1.814                                                0.034                                                        591                        [\*](#nt104){ref-type="table-fn"}
                                                 Ato              0820                              AS                                       1.294                                                0.015                                                        633                        [\*](#nt104){ref-type="table-fn"}
                                             Tonton Kepa          0822                              AS                                       1.318                                                0.021                                                        645                        [\*](#nt104){ref-type="table-fn"}
                                                Umbubu            0854                              AT                                       1.397                                                0.009                                                        683                        [\*](#nt104){ref-type="table-fn"}

Genome constitution as described in MGIS database (<http://www.crop-diversity.org/banana/#AvailableITCAccessions>).

1 pg = 0.978×10^9^ bp [@pone.0054808-Doleel2].

The study in which DNA content was estimated.

Estimated in the present work.

Genomic DNA was prepared from nuclei isolated from healthy young leaf tissues according to Zhang et al. [@pone.0054808-Zhang1]. Isolated nuclei were incubated with 40 mM EDTA, 0.2% SDS and 0.25 µg/µl proteinase K for 5 hours at 37°C; DNA was purified by phenol/chloroform precipitation.

Estimation of Genome size {#s2b}
-------------------------

Nuclear genome size was estimated according to Bartoš et al. [@pone.0054808-Barto1]. Suspensions of cell nuclei were prepared by chopping leaf tissues with a razor blade in a glass Petri dish containing 500 µl Otto I solution (0.1 M citric acid, 0.5% v/v Tween 20). Approximately 50 mg of young *Musa* leaf and 10 mg of leaf of soybean (*Glycine max* L. cv. Polanka, 2C = 2.5 pg DNA) [@pone.0054808-Doleel1] which served as internal standard were used for sample preparation. Crude homogenate was filtered through a 50 µm nylon mesh, nuclei were pelleted (300 *g*, 5 min) and resuspended in 300 µl Otto I solution. After 1 hour incubation at room temperature, 900 µl Otto II solution (0.4 M Na~2~HPO~4~ ) [@pone.0054808-Otto1] supplemented with 50 µg/ml RNase, 50 µg/ml propidium iodide and 3 µl/ml 2-mercaptoethanol, were added. Samples were analyzed using Partec PAS flow cytometer (Partec GmbH, Münster, Germany) equipped with 488-nm argon laser. At least 5,000 nuclei were analyzed per sample. Three individuals were analyzed in each accession, and each individual was measured three times on three different days. Nuclear DNA content was calculated from individual measurements following the formula:

Mean nuclear DNA content was then calculated for each plant and converted to the number of base pairs considering 1 pg DNA equal to 0.978×10^9^ bp [@pone.0054808-Doleel2].

Dot-plot {#s2c}
--------

Satellites maTR_CL18 and maTR_CL33 (GenBank accessions: JX624137 and JX624137) were originally identified *in silico* after low-pass 454 sequencing genomic DNA of *M. acuminata* 'Calcutta 4' in our previous study [@pone.0054808-Hibov1] and their presence was confirmed in the recently published genome assembly of *M. acuminata* 'DH Pahang' [@pone.0054808-DHont2]. In order to confirm tandem arrangement of both repeats prior to our experimental work, we have analyzed the sequence data using dotter [@pone.0054808-Sonnhammer1].

Southern Hybridization {#s2d}
----------------------

Genomic organization of DNA satellites maTR_CL18 and maTR_CL33 [@pone.0054808-Hibov1] was analyzed in all 19 *Musa* accessions. Aliquots of genomic DNA corresponding to 1×10^7^ copies of monoploid (1Cx) nuclear genomes were digested using *Dra*I whose restriction site was identified in maTR_CL18 and maTR_CL33 sequences. Digested DNA was size-fractionated by 1.2% agarose gel electrophoresis and transferred to Hybond N+ nylon membranes (Amersham, Bath, UK). Probes for satellites CL18 and CL33 were prepared after PCR amplification from genomic DNA of *M. acuminata* 'Calcutta 4' using specific primers ([Table 2](#pone-0054808-t002){ref-type="table"}) and labeling by biotin. Southern hybridization was done at 68°C overnight and signals were detected using BrightStar® BioDetect™ kit under manufacturer's instructions (Ambion, Austin, USA).

10.1371/journal.pone.0054808.t002

###### Primers used for PCR amplification of satellite DNA and a LINE element.

![](pone.0054808.t002){#pone-0054808-t002-2}

  Type of repetitive DNA     DNA sequence name                   Primer name                        Primer sequence         PCR product length
  ------------------------- ------------------- --------------------------------------------- ---------------------------- ---------------------
  Tandem repeat                                                                                                            
                                   CL18            CL18-1[a](#nt105){ref-type="table-fn"}       5′-ATCATGGGCCAACACTTGAT     Ladder-like pattern
                                                                                                5′-TCGTGAGAGCGGGTTAGAGT    
                                                   CL18-2[a](#nt105){ref-type="table-fn"}       5′- ATCATGGGCCAACACTTGAT    Ladder-like pattern
                                                                                                5′-TGAGAGCGGGTTAGAGTTCC    
                                                  CL18-IN1[b](#nt106){ref-type="table-fn"}     5′-CGAATGATTTGATGTCATCTCC          491 bp
                                                                                                5′-AGTGTTGGCCCATCATGTTT    
                                                  CL18-IN2[b](#nt106){ref-type="table-fn"}     5′-GCAATGTTTCAACTCATTACCAA         179 bp
                                                                                                5′-GATGCTACCGGGAAAAATTG    
                                   CL33           CL33-1[a, b](#nt105){ref-type="table-fn"}     5′-AATCGATCGAACCTCGACAT           130 bp
                                                                                                5′-TCCCAATAAATTTGCCTTCG    
  Non-LTR retrotransposon                                                                                                  
                               LINE element      CL1SCL8/452[a](#nt105){ref-type="table-fn"}    5′-TGAAAGCAGCTTGATTTGGA           218 bp
                                                 CL1SCL8/452[a](#nt105){ref-type="table-fn"}    5′-CAAGGCTTGCCAACATTTTT    

Primers used to prepare probes for FISH.

Primers were used to prepare probes for Southern hybridization.

Serial dilutions of genomic DNA and PCR products of satellite repeats used as standards were dot-blotted onto Hybond-N+ membranes (Amersham) with the aim to estimate copy number of satellite DNA sequences in the nuclear genomes of all evaluated *Musa* accessions. PCR products of satellite DNAs labeled by biotin were used as hybridization probes. Dots of genomic DNA and standards that gave the same intensity of hybridization signals were identified after visual inspection. Copy numbers of individual probes were estimated assuming that 1 pg of genomic DNA equals 0.978×10^9^ bp [@pone.0054808-Doleel2].

Sequencing and Sequence Data Analysis of Satellite DNA {#s2e}
------------------------------------------------------

Sequences homologous to the two satellites (in the present work termed CL18-like and CL33-like satellites) were amplified from genomic DNA of all 19 *Musa* species using specific primers ([Table 2](#pone-0054808-t002){ref-type="table"}). PCR reaction mix contained 10 ng genomic DNA, 1.5 mM MgCl~2~, 0.2 mM dNTPs, 1 µM primers, 1×PCR buffer and 2 U/100 of Dynazyme™ II DNA polymerase (Finnzymes, Espoo, Finland). Amplification was performed as follows: 94°C for 5 min (1 cycle), 94°C for 50 s, 57°C for 90 s, 72°C for 50 s (35 cycles) and 72°C for 10 min (1 cycle). PCR products were purified by PCR Rapid Kit (Invitek, Berlin, Germany), ligated into pCR-XL-TOPO vector and transformed into One Shot TOP10 electrocompetent *E. coli* (Invitrogen Life Technologies, Carlsbad, USA). For each *Musa* accession, 24 to 60 cloned PCR products were sequenced. Sequencing was carried out using the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, USA) according to the manufacturer's instructions and run on ABI 3730×l DNA analyzer (Applied Biosystems).

Nucleotide sequences were edited using Staden Package [@pone.0054808-Staden1] the consensus sequences of CL33-like and the two parts of CL18-like satellites were assembled using cap3 program [@pone.0054808-Huan1]. Multiple sequence alignments were done using MAFFT program v6.717-1 (--globalpair --maxiterate 1000) [@pone.0054808-Katoh1] and graphically displayed in SeaView v4.2.1. [@pone.0054808-Galtier1]. Sequence diversity was identified using DNA Sam program [@pone.0054808-Eckert1]. Sequence logos were generated using WebLogo tool [@pone.0054808-Crooks1]. SplitsTree4 v4.1.11 [@pone.0054808-Huson1] was used to construct cladograms based on the Jukes-Cantor, K2P and uncorrected *p*-distances. Non-parametric bootstrapping with 1000 pseudoreplicates was performed to assess the nodal support. Cladograms were drawn and edited using FigTree program (<http://tree.bio.ed.ac.uk/software/figtree/>).

Chromosome Preparations {#s2f}
-----------------------

Metaphase spreads were prepared according to Doleželová et al. [@pone.0054808-Doleelov1]. Actively growing root tips were pre-treated in 0.05% 8-hydroxyquinoline for 3 hrs and fixed in 3∶1 ethanol : acetic acid. Fixed roots were washed in a solution of 75 mM KCl and 7.5 mM EDTA (pH 4) and meristem tips were digested in a mixture of 2% (w/v) pectinase and 2% (w/v) cellulase in 75 mM KCl and 7.5 mM EDTA (pH 4) for 90 min at 30°C. Protoplast suspension was then filtered through a 150 µm nylon mesh and pelleted. The pellet was resuspended in 75 mM KCl and 7.5 mM EDTA (pH 4) and incubated for 5 min at room temperature. After pelleting, the protoplasts were washed three times with 70% ethanol, and 5 µl of suspension were dropped onto a slide. Shortly before drying out, 5 µl of 3∶1 fixative were added to the drop to induce protoplast bursting. Finally, the slide was rinsed in 100% ethanol and air-dried.

Fluorescence In Situ Hybridization (FISH) {#s2g}
-----------------------------------------

BAC clone 2G17 [@pone.0054808-Hibov2] was labeled by Dig-11-dUTP or Bio-16-dUTP Nick Translation (Roche Applied Science, Penzberg, Germany) according to manufacturer's instructions. FISH probes for 45S rDNA and 5S rDNA were obtained by labeling *Radka*1 DNA clone (45S rDNA) and *Radka*2 DNA clone (5S rDNA) [@pone.0054808-Valrik1] with digoxigenin-11-dUTP or biotin-16-dUTP (Roche Applied Science). Both probes were labeled by PCR using M13 forward and reverse primers (Invitrogen). Banana-specific LINE element and tandem repeats maTR_CL18 and maTR_CL33 [@pone.0054808-Hibov1] were labeled with digoxigenin-11-dUTP or biotin-16-dUTP (Roche) by PCR with specific primers ([Table 2](#pone-0054808-t002){ref-type="table"}).

Hybridization mixture consisting of 50% formamide, 10% dextran sulfate in 1×SSC and 1 µg/ml labeled probe was added onto slides and denatured at 80°C for 3 min. The hybridization was carried out at 37°C overnight. The sites of probe hybridization were detected using anti-digoxigenin-FITC (Roche Applied Science) and streptavidin-Cy3 (Vector Laboratories, Burlingame, USA), and the chromosomes were counterstained with DAPI. The slides were examined with Olympus AX70 fluorescence microscope and the images of DAPI, FITC and Cy-3 fluorescence were acquired separately with a cooled high-resolution black and white CCD camera. The camera was interfaced to a PC running the MicroImage software (Olympus, Tokyo, Japan).

Results {#s3}
=======

We applied various molecular and cytogenetic approaches to study genomic organization of two major DNA satellites in *Musa*: maTR_CL18 and maTR_CL33. We first confirmed using dot-plot analysis that both repeats were indeed tandem organized ([Figure S1](#pone.0054808.s001){ref-type="supplementary-material"}). The molecular structure and variability of tandem organized regions was investigated after sequencing products obtained after PCR with specific primers. We then used Southern hybridization and fluorescence *in situ* hybridization to estimate the copy number of ma_TR_CL18 and maTR_CL33 and characterize distribution of the repeats on mitotic chromosomes, respectively.

Sequence Analysis of DNA Satellites {#s3a}
-----------------------------------

A set of primers specific for CL18 and CL33 satellites was used to amplify these repeats from all nineteen *Musa* accessions. The PCR products were cloned and sequenced to study diversity of repeats within and between banana accessions ([Tables S1](#pone.0054808.s005){ref-type="supplementary-material"}, [S2](#pone.0054808.s006){ref-type="supplementary-material"}, [S3](#pone.0054808.s007){ref-type="supplementary-material"}).

Considering the length of CL18 repetitive units (2226 bp) and heterogeneity of the sequenced regions, two parts of the CL18-like repetitive unit were amplified and assembled: CL18-part1 and CL18-part2, which corresponded to 921 bp and 825 bp regions of CL18 [@pone.0054808-Hibov1]. The sequenced region represented 1728 bp (77.6%) of CL18. In most of the *Musa* accessions, sequences representing both parts of CL18 repetitive units were obtained ([Tables S1](#pone.0054808.s005){ref-type="supplementary-material"}, [S2](#pone.0054808.s006){ref-type="supplementary-material"}, [S3](#pone.0054808.s007){ref-type="supplementary-material"}). The exceptions were *M. acuminata* 'Tuu Gia' and both representatives of *M. schizocarpa*, where PCR amplification followed by sequencing did not identify sequences similar to part1 of CL18. In some other clones (*M. acuminata* 'DH Pahang', 'Long Tavoy' and 'Maia Oa', *M. balbisiana* 'Honduras' and 'Tani', and hybrid clones 'Balonkawe' (ABB), 'Ato' (AS) and 'Tonton Kepa' (AS)), relatively short sequences corresponding to part1 of CL18 were obtained. On the other hand, sequences homologous to part2 of CL18 were not obtained from hybrid clone '3 Hands Planty' (AAB).

In most of the accessions, both parts of CL18-like repeat regions shared high homology to the maTR_CL18 satellite as identified in 454 data [@pone.0054808-Hibov1]. Lower sequence homology to maTR_CL18 was observed in accessions in which PCR amplification did not result in amplification of both parts of maTR_CL18 ([Tables S1](#pone.0054808.s005){ref-type="supplementary-material"}, [S2](#pone.0054808.s006){ref-type="supplementary-material"}). Sequence diversity of regions corresponding to part2 of maTR_CL18 repetitive unit was slightly lower within individual accessions as compared to part1 ([Tables S1](#pone.0054808.s005){ref-type="supplementary-material"}, [S2](#pone.0054808.s006){ref-type="supplementary-material"}). Phylogenetic analysis based on Neighbor Joining resulted in a tree in which different clades did not contain species-specific CL18-like repetitive units. Thus, we were not able to identify B genome-specific variants of CL18 suitable as B-genome specific markers ([Figure 1C, D](#pone-0054808-g001){ref-type="fig"}). Altogether our observations indicated that both parts homologous to CL18 satellite were highly conserved within and between the analyzed accessions ([Figures 1A, B](#pone-0054808-g001){ref-type="fig"}).

![Sequence diversity of the two parts of CL18-like satellite sequences.\
Consensus sequences of both parts of CL18-like satellite were reconstructed from all analyzed accessions and are displayed as sequence logo (A: CL18-part1; C: CL18-part2). Neighbor-Joining trees constructed from a Jukes-Cantor distance matrix and rooted to the midpoint show diversity of reconstructed parts of CL18-like satellite units obtained from all studied species (B: CL18-part1; D: CL18-part2).](pone.0054808.g001){#pone-0054808-g001}

Sequencing PCR products obtained with primers specific for the CL33 satellite confirmed its presence in all *Musa* accessions. In several accessions ('Maia Oa', 'Tuu Gia', 'Pelipita', '3 Hands planty', 'Ato' and 'Tonton Kepa') 188 bp repetitive units were present in addition to 134 bp repetitive units of CL33. This significant length difference was due to a 54 bp insertion/deletion. Similarly, *M. acuminata* 'Long Tavoy' contained a 110 bp repetitive unit of CL33.

Most of the analyzed *Musa* accessions shared high homology to maTR_CL33 satellite [@pone.0054808-Hibov1]. Lower sequence homology to maTR_CL33 was observed in both accessions of *M. schizocarpa* and its interspecific hybrid ([Table S3](#pone.0054808.s007){ref-type="supplementary-material"}). In general, a low sequence diversity of sequences corresponding to maTR_CL33 repetitive unit was observed. The only exceptions were revealed in 'Balonkawe' (ABB) and one representative of *M. balbisiana* ([Table S3](#pone.0054808.s007){ref-type="supplementary-material"}). The high level of homology of sequences corresponding to maTR_CL33 satellite within and between all *Musa* accessions is demonstrated in [Figure 2A](#pone-0054808-g002){ref-type="fig"}. Similarly to the results of CL18-like repeats, cluster analysis based on Neighbor Joining showed that there were no A or B genome-specific CL33-like satellite units in the current set of *Musa* accessions ([Figure 2B](#pone-0054808-g002){ref-type="fig"}).

![Diversity of CL33-like satellite sequence.\
Consensus sequence of CL33-like satellite was reconstructed from all obtained sequence units of all analyzed accessions and is displayed as sequence logo (A). Neighbor-Joining tree constructed from a Jukes-Cantor distance matrix and rooted to the midpoint shows diversity of individual types of CL33-like repetitive units obtained from all studied accessions (B).](pone.0054808.g002){#pone-0054808-g002}

Nuclear DNA Content {#s3b}
-------------------

The amount of nuclear DNA was estimated after flow cytometric analysis of propidium iodide-stained nuclei. All analyses resulted in histograms of relative DNA content with clearly defined peaks corresponding to G~1~ nuclei of *Musa* and the reference standard (*Glycine max*) with coefficient of variation ranging from 2.5% to 4.5%. 2C nuclear DNA content ranged from 1.121 pg to 1.397 pg for diploid accessions and from 1.751 pg to 1.847 pg for triploid accessions ([Table 1](#pone-0054808-t001){ref-type="table"}). Among the diploid accessions, the lowest DNA content was found in *M. balbisiana* (2C = 1.121--1.133 pg), while the highest 2C DNA content of 1.397 pg was estimated in 'Umbubu' (AT genomic constitution).

Southern Hybridization {#s3c}
----------------------

Southern hybridization with probes for maTR_CL18 and maTR_CL33 was carried out to investigate genomic organization of the satellites. Unfortunately, a typical pattern showing individual n-mers units was not observed, most probably because *Dra*I endonuclease did not digest all repetitive units in the analyzed accessions. Both satellites gave ladder-like pattern ([Figure 3A](#pone-0054808-g003){ref-type="fig"}) with various hybridization signal intensities. While the signals of maTR_CL18 repeat were visible in all *Musa* accessions, the presence maTR_CL33 repeat was not confirmed in any of the four accessions of *M. balbisiana*. Accordingly, maTR_CL33 repeat resulted in weak signals in hybrid clones with ABB genome constitution ([Figure 3B](#pone-0054808-g003){ref-type="fig"}).

![Southern hybridization of genomic DNA isolated from nineteen *Musa* accessions.\
Samples of genomic DNA corresponding to 1×10^7^ copies of monoploid (1C~x~) nuclear genomes were digested using *Dra*I restriction enzyme and hybridized with probes for CL18-like satellite (A) and CL33-like satellite (B) at hybridization stringency of 85%.](pone.0054808.g003){#pone-0054808-g003}

Dot-blot analysis showed a limited variation in copy number of maTR_CL18 repeat. Its abundance ranged approximately from 1×10^3^ to 2×10^3^ per monoploid (1Cx) genome of *M. acuminata* except of *M. acuminata* 'DH Pahang' with 3.5×10^3^ to 5×10^3^ copies. A similar estimate (1×10^3^ to 2×10^3^) was made also in both accessions of *M. schizocarpa* and in *M. balbisiana* 'Honduras'. The remaining *balbisiana* species contained of 3.5×10^3^ to 5×10^3^ copies of maTR_CL18 repeat. Monoploid genome of hybrid clones 'Ato' and 'Tonton Kepa' (AS) contained 1×10^3^ to 2×10^3^ copies of maTR_CL18 units, while hybrid clones 'Umbubu' (AT), 'Maritú' and '3 Hands Planty' contained approximately 3×10^3^--4×10^3^ copies of the repeat. Finally, hybrid clones 'Pelipita' and 'Balonkawe' (ABB) as well as 'Obino l'Ewai' (AAB) comprised ∼5×10^3^ to 6.5×10^3^ copies of maTR_CL18 ([Table S4](#pone.0054808.s008){ref-type="supplementary-material"}).

The number of copies of maTR_CL33 repeat ranged from 2.5×10^3^ to 4×10^3^ per monoploid genome of *M. acuminata* 'Long Tavoy', 'Zebrina' and 'Tuu Gia' as well as in both hybrid clones 'Ato' and 'Tonton Kepa'. 5.5×10^3^ to 7×10^3^ copies of maTR_CL33 repetitive units were estimated in monoploid genomes of *M. acuminata* 'Calcutta4' and 'DH Pahang' and both *schizocarpa* accessions. The same amount of maTR_CL33 (5.5×10^3^ to 7×10^3^) was revealed in hybrid clones 'Obino l'Ewai', 'Maritú' and '3 Hands Planty' (AAB) as well as in 'Umbubu' (AT). Dot-blot analysis failed to detect presence of maTR_CL33 repeat in *M. balbisiana* species and in hybrid clones with ABB genomic constitution.

Mapping DNA Sequences on Mitotic Chromosomes {#s3d}
--------------------------------------------

In order to study chromosome organization of the two satellites and the position of their loci in relation to other cytogenetic landmarks, multicolor FISH was done in a set of 19 *Musa* species and clones with probes for single-copy BAC clone 2G17, 45S rDNA and 5S rDNA. Moreover, taking into the account the relatively small size of banana chromosomes and difficulty in identifying primary constrictions, a probe for LINE element, which was identified and characterized previously in *M. acuminata* cv. 'Calcutta 4' [@pone.0054808-Hibov1], was used to label putative centromeric regions. The element was found in centromeric regions of all *Musa* accessions and thus was used as a centromeric marker to aid in constructing the idiograms ([Figure 4](#pone-0054808-g004){ref-type="fig"}, [Figure S2](#pone.0054808.s002){ref-type="supplementary-material"}, [Figures S3A--G](#pone.0054808.s003){ref-type="supplementary-material"}).

![Idiograms of three diploid *Musa* accessions.\
(A) *M. acuminata* 'DH Pahang' ITC 1511; (B) *M. balbisiana* 'Pisang Klutuk Wulung'; (C) *M. schizocarpa* ITC 0560.](pone.0054808.g004){#pone-0054808-g004}

### 45S rRNA genes {#s3d1}

FISH with a probe for 45S rDNA revealed its localization exclusively to secondary constriction; the only exception being a diploid hybrid clone 'Ato' (AS genome). Apart from this cultivar, in which additional 45S rDNA locus was observed on one of the nucleolar organizing chromosomes ([Figure 3F](#pone-0054808-g003){ref-type="fig"}), the number of 45S rDNA loci in mitotic metaphase plates corresponded to ploidy level ([Table 3](#pone-0054808-t003){ref-type="table"}). 45S rDNA was detected in secondary constriction on one chromosome pair in diploid accessions, while three loci corresponding to 45S rDNA were identified in triploid accessions.

10.1371/journal.pone.0054808.t003

###### Number of loci detected using FISH with probes for CL18 and CL33 satellites, rRNA genes and BAC clone 2G17 on mitotic metaphase plates in 19 accessions of *Musa.*

![](pone.0054808.t003){#pone-0054808-t003-3}

  Accession name          ITC[\*](#nt107){ref-type="table-fn"} code   Genomic constitution   Chromosome number (2n)   Number of probe signals (per metaphase plate)               
  ---------------------- ------------------------------------------- ---------------------- ------------------------ ----------------------------------------------- ---- --- --- ---
  Calcutta 4                                0249                               AA                      22                                   2                         8    2   2   4
  Long Tavoy                                0283                               AA                      22                                   2                         4    2   2   4
  Maia Oa                                   0728                               AA                      22                                   2                         4    2   2   2
  DH Pahang                                 1511                               AA                      22                                   2                         6    2   2   4
  Tuu Gia                                   0610                               AA                      22                                   2                         4    2   2   4
  Cameroun                                  0246                               BB                      22                                   2                         4    2   3   −
  Honduras                                  0247                               BB                      22                                   2                         6    2   4   −
  Tani                                      1120                               BB                      22                                   2                         6    2   4   −
  Pisang Klutuk Wulung                       --                                BB                      22                                   2                         6    2   4   −
  *Musa schizocarpa*                        0560                               SS                      22                                   2                         12   2   2   4
  *Musa schizocarpa*                        1002                               SS                      22                                   2                         12   2   2   4
  Obino l'Ewai                              0109                              AAB                      33                                   3                         9    4   4   4
  Maritú                                    0639                              AAB                      33                                   3                         8    4   4   4
  3 Hands Planty                            1132                              AAB                      33                                   3                         9    4   4   3
  Pelipita                                  0472                              ABB                      33                                   3                         10   3   6   1
  Balonkawe                                 0473                              ABB                      33                                   3                         10   4   6   1
  Ato                                       0820                               AS                      22                                   2                         9    2   2   4
  Tonton Kepa                               0822                               AS                      22                                   2                         9    2   2   4
  Umbubu                                    0854                               AT                      21                                   2                         4    1   1   2

International Transit Centre (<http://www.bioversityinternational.org/research/conservation/genebanks/musa_international_transit_centre.html>).

### 5S rRNA genes {#s3d2}

Gene loci for 5S rRNA were observed mostly in distal chromosome regions in all accessions ([Figures 4](#pone-0054808-g004){ref-type="fig"}, [5](#pone-0054808-g005){ref-type="fig"}, Figures S3A -- G, [Figure S4](#pone.0054808.s004){ref-type="supplementary-material"}). Diploid chromosome sets of *M. acuminata* 'Long Tavoy', *M. acuminata* 'TuuGia' and *M. acuminata* 'Maia Oa' contained four signals corresponding to 5S rRNA genes, *M. acuminata* 'Pahang' contained six signals and eight loci of 5S rRNA gene clusters were detected in mitotic metaphase plates of *M. acuminata* 'Calcutta 4'. Diploid representatives of B genome showed presence of six 5S rDNA loci with the exception of *M. balbisiana* 'Cameroun', which contained only four 5S rDNA clusters. Both representatives of *M. schizocarpa* (SS genome) contained six chromosome pairs bearing 5S rRNA genes ([Figure 4](#pone-0054808-g004){ref-type="fig"}, [Figure S3C](#pone.0054808.s003){ref-type="supplementary-material"}, [Table 3](#pone-0054808-t003){ref-type="table"}). In triploid hybrid banana clones, eight to ten 5S rDNA loci were observed (Figures S3D, E, [Table 3](#pone-0054808-t003){ref-type="table"}).

![Examples of genomic distribution of DNA satellites as determined on mitotic metaphase chromosomes of diploid *Musa* accessions after FISH.\
Chromosomes were counterstained with DAPI (blue). Sites of CL18 and CL33 probe hybridization are marked by long and thick arrows, respectively. (A) CL18 (red) and CL33 (green) on chromosomes of 'Long Tavoy'. (B) 5S rDNA (red) and CL18 (green) on chromosomes of 'Maia Oa'. (C) 5S rDNA (red) and CL33 (green) on chromosomes of 'Long Tavoy'. (D) CL18 (red) and LINE element (green) on chromosomes of 'Tuu Gia'. (E) 5S rDNA (red) and CL18 (green) on chromosomes of 'Pisang Klutuk Wulung'. (F) BAC clone 2G17 (red) and 5S rDNA (green) on chromosomes of 'Cameroun'. (G) BAC clone 2G17 (red) and CL18 (green) on chromosomes of 'Tani'. (H) 45S rDNA (red) and 5S rDNA (green) on chromosomes of *M. schizocarpa* ITC 0560. (I) 5S rDNA (red) and CL33 (green) on chromosomes of *M. schizocarpa* ITC 1002. (J) CL18 (red) and CL33 (green) on chromosomes of *M. schizocarpa* ITC 1002. (K) CL18 (red) and 5S rDNA (green) on chromosomes of *M. schizocarpa* ITC 1002. Bar = 5 µm.](pone.0054808.g005){#pone-0054808-g005}

### BAC clone 2G17 {#s3d3}

BAC clone 2G17, which was used in this work as additional cytogenetic marker, localized to subtelomeric regions on one chromosome pair in all diploid accessions with the exception of *M. balbisiana* 'Honduras' in which four signals were observed. Only one chromosome gave FISH signal in a diploid hybrid clone 'Umbubu' (AT genome), which most probably originated from a cross between *M. acuminata* and *M. textilis* (T genome). In triploid AAB and ABB clones, three or four loci containing DNA sequences homologous to BAC 2G17 were found ([Figure 5](#pone-0054808-g005){ref-type="fig"}, Figures S3D, E, [Figure S4](#pone.0054808.s004){ref-type="supplementary-material"}, [Table 3](#pone-0054808-t003){ref-type="table"}).

### Satellite repeats in diploid genomes {#s3d4}

Satellite CL18 localized to subtelomeric regions on one pair of mitotic chromosomes in all accessions of *M. acuminata* and always co-localized with BAC clone 2G17. Satellite CL33 localized to subtelomeric regions on one chromosome pair in 'Maia Oa' and on two chromosome pairs of the remaining *M. acuminata* accessions. Further FISH experiments revealed that CL33 satellite co-localized with CL18 and BAC 2G17 on one chromosome pair ([Figures 4](#pone-0054808-g004){ref-type="fig"}, [5](#pone-0054808-g005){ref-type="fig"}, [Figure S3A](#pone.0054808.s003){ref-type="supplementary-material"}, [Table 3](#pone-0054808-t003){ref-type="table"}) in all *M. acuminata* accessions. Similar FISH patterns were observed for CL18 and CL33 in *M. schizocarpa* ([Figures 4](#pone-0054808-g004){ref-type="fig"}, [5](#pone-0054808-g005){ref-type="fig"}, [Figure S3C](#pone.0054808.s003){ref-type="supplementary-material"}, [Table 3](#pone-0054808-t003){ref-type="table"}).

Three *M. balbisiana* genotypes ('Honduras', 'Tani', 'Pisang Klutuk Wulung') contained two chromosome pairs bearing satellite CL18 in their subtelomeric regions. On one of the chromosome pairs, a probe for CL18 co-localized with BAC 2G17 and on the other co-localized with 5S rDNA ([Figures 4](#pone-0054808-g004){ref-type="fig"}, [5](#pone-0054808-g005){ref-type="fig"}, and [Figure S3B](#pone.0054808.s003){ref-type="supplementary-material"}). The fourth accession of *M. balbisiana* - 'Cameroun' - had only three CL18 loci as a FISH signal was missing on the chromosome with 5S rDNA locus ([Figure 5](#pone-0054808-g005){ref-type="fig"}, and [Figure S3B](#pone.0054808.s003){ref-type="supplementary-material"}). CL33 gave no visible signals on metaphase chromosomes of *M. balbisiana*.

### Satellite repeats in AAB and ABB hybrids {#s3d5}

Out of a number of the existing interspecific hybrids with a combination of A and B genomes, three hybrid accessions with AAB genomic constitution ('Obino l'Ewai', 'Maritú' and '3 Hands Planty') and two ABB hybrids ('Pelipita' and 'Balonkawe') were chosen for this study. All AAB interspecific hybrids and one ABB hybrid ('Balonkawe') gave signals of BAC 2G17 in subtelomeric regions of four different chromosomes. Among them, one chromosome was bearing an additional weak signal of BAC 2G17. In the second ABB hybrid 'Pelipita', BAC 2G17 localized in subtelomeric regions of three different metaphase chromosomes (Figures S3E, S4). 5S rDNA loci were found on eight metaphase chromosomes in the genome of 'Maritú', on nine chromosomes of 'Obino l'Ewai' and '3 Hands Planty', while 'Pelipita' and 'Balonkawe' contained ten clusters corresponding to 5S rDNA.

Satellite CL18 localized in subtelomeric regions on four mitotic chromosomes in AAB hybrids; FISH with satellite CL33 resulted in three visible signals in subtelomeric regions of metaphase chromosomes of '3 Hands Planty' and four signals were detected on chromosomes of 'Obino l'Ewai' and 'Maritú'. Further analysis showed that two chromosomes carried both CL18 and CL33 satellite repeats. ([Figures S3D](#pone.0054808.s003){ref-type="supplementary-material"}, [S4](#pone.0054808.s004){ref-type="supplementary-material"}, [Table 3](#pone-0054808-t003){ref-type="table"}). Hybrid ABB clones 'Balonkawe' and 'Pelipita' contained six signals of satellite CL18 which were detected on different chromosomes and one signal of satellite CL33. Multicolor FISH with the combination of probes corresponding to satellite repeats and 5S rRNA genes revealed one chromosome carrying CL18, CL33, 5S rDNA and BAC 2G17. Two other chromosomes exhibiting combination of FISH signals for 2G17 and CL18 satellite repeat and three additional chromosomes bearing signals for CL18 satellite and 5S rRNA genes ([Figure S3E](#pone.0054808.s003){ref-type="supplementary-material"}, [Table 3](#pone-0054808-t003){ref-type="table"} ).

### Satellite repeats in AS and AT hybrids {#s3d6}

FISH was also used to study genomic distribution of the two satellites in diploid hybrid clones 'Ato' and 'Tonton Kepa' (AS genome) and 'Umbubu' (AT genome). Nuclear genome of AS hybrids contained two signals of CL18 and CL33 which co-localized in subtelomeric regions on two different chromosomes, while nuclear genome of AT hybrid clone 'Umbubu' contained only one signal of CL18 satellite and two signals of CL33 satellite ([Figure S3F](#pone.0054808.s003){ref-type="supplementary-material"}, G, [Table 3](#pone-0054808-t003){ref-type="table"} ).

Chromosome Identification {#s3e}
-------------------------

Multicolor FISH experiments with combinations of probes for 45S rDNA, 5S rDNA, banana-specific LINE-like element, DNA satellites CL18 and CL33 and a single copy BAC clone 2G17 facilitated identification of various numbers of chromosomes in diploid accessions of *Musa* ([Figures 4](#pone-0054808-g004){ref-type="fig"}, [S3A](#pone.0054808.s003){ref-type="supplementary-material"}--G, [Table 3](#pone-0054808-t003){ref-type="table"}). Within the A genome representatives, three chromosomes could be distinguished in *M. acuminata* 'Maia Oa' and four chromosomes were identified in *M. acuminata* clones 'Long Tavoy' and 'Tuu Gia'. In *M. acuminata* 'Calcutta 4', four chromosomes exhibited a specific hybridization pattern. Although two other chromosomes carried 5S rDNA sequences in this clone, the two chromosomes could not be discriminated from each other as the probes hybridized to similar chromosome regions. Five different chromosomes could be identified in *M. acuminata* 'DH Pahang'.

Within the representatives of *M. balbisiana*, four chromosomes could be discriminated in 'Cameroun', five chromosomes were distinguished in 'Tani' and 'Pisang Klutuk Wulug' and six different chromosomes were identified in 'Honduras'. Three different chromosomes could be recognized in the two S genome representatives. Moreover, two chromosomes carrying strong signals of 5S rDNA and other two chromosomes carrying weak signals of 5S rDNA were identified in their karyotypes. Unfortunately, the probes localized to similar chromosome regions in both cases and the chromosomes could not be differentiated from each other. Due to the lack of probes specific for A, B, S and T genomes, we were not able to identify homologous chromosomes in inter-specific hybrids.

Discussion {#s4}
==========

Satellite repeats may undergo rapid changes in copy number and nucleotide sequence, which may result in the evolution of genus and species-specific repeats [@pone.0054808-Han1], [@pone.0054808-Macas4], [@pone.0054808-Navrtilov2], [@pone.0054808-Dechyeva1], [@pone.0054808-King1]. At the same time, their repetitive units are usually homogenized within a species due to concerted evolution [@pone.0054808-Elder1], [@pone.0054808-Dover1], [@pone.0054808-Baldwin1], [@pone.0054808-Dover2]. These features make them an attractive object for evolutionary and cytogenetic studies. Although about 45% of the *Musa* genome consists of various repetitive DNA sequences [@pone.0054808-DHont2], satellite DNA repeats represent only ∼0.3% of the genome [@pone.0054808-Hibov1]. The presence of only two major satellite repeats in *Musa* and their low copy numbers may be related to relatively small genome and is on line with observations in some other small plant genomes [@pone.0054808-ArabidopsisGenome1], [@pone.0054808-InternationalBrachypodium1], [@pone.0054808-International1].

Satellite DNA sequences are typical components of subtelomeric and centromeric chromosome regions, but may also form clusters in interstitial regions [@pone.0054808-Macas2], [@pone.0054808-Han1], [@pone.0054808-Galasso1], [@pone.0054808-Houben1], [@pone.0054808-Jiang1], [@pone.0054808-Macas5], [@pone.0054808-Torres1]. Our earlier studies [@pone.0054808-Hibov1], [@pone.0054808-Valrik1], [@pone.0054808-Hibov3] indicated that *Musa* does not have a typical centromeric satellite and that *Musa* centromeres are rather made of various types of retrotransposons, especially Ty3/*Gypsy*-like elements and LINE-like elements. Ty3/*Gypsy*-like elements were found in high copy numbers in centromeric regions in other plant species [@pone.0054808-Bao1], [@pone.0054808-Gindullis1], [@pone.0054808-Kumekawa1], [@pone.0054808-Neumann1], [@pone.0054808-Presting1]. On the other hand, LINE elements are usually dispersed along chromosomes including their pericentromeric regions [@pone.0054808-Kubis2], [@pone.0054808-Kumar1], [@pone.0054808-Schmidt2]. The present study confirmed preferential localization of the LINE element to centromeric regions in *Musa* and FISH with a probe for the LINE element appears a convenient way to label primary constrictions, which are not always easily visible on small and condensed mitotic metaphase chromosomes of *Musa*.

Our analyses revealed that nuclear genomes of all *Musa* accessions included in the present study contained the major DNA satellites CL33 and CL18. With a few exceptions, the satellites were found highly conserved ([Figures 1A, B](#pone-0054808-g001){ref-type="fig"}, [2A](#pone-0054808-g002){ref-type="fig"}). Judging from the cluster analysis based on Neighbor Joining method, there are no A or B genome-specific satellite units in *Musa* ([Figure 2B](#pone-0054808-g002){ref-type="fig"}). These findings indicate that both satellites originated before the divergence of the section Eumusa (∼28 Mya) [@pone.0054808-Christelov1] and that their sequences remained conserved during speciation. Unfortunately, our observation means that the satellites are not suitable as FISH probes to discriminate A and B genome chromosomes and hence cannot help in characterizing genomic constitution in interspecific *Musa* hybrids.

One should bear in mind that our results on the length, sequence similarity to maTR_CL18 and maTR_CL33 satellites [@pone.0054808-Hibov1] as well as the nucleotide diversity may be affected by the fact that only sequences which were obtained after PCR amplification analyzed. Our results could be supported and refined after whole genome sequencing, e.g., using next generation sequencing, and reconstruction of complete repetitive elements [@pone.0054808-Hibov1].

We were not able to detect CL33 satellite by FISH on mitotic chromosomes of *M. balbisiana*, most probably because the copy number fell below the detection limit of the method. Supported by the results of Southern hybridization, these results indicate a low copy number of this satellite in the *Musa* B genome. This corresponds to lower copy number of other DNA repeats in *M. balbisiana* [@pone.0054808-Valrik1] and may be related to smaller genome size as compared to the A genome [@pone.0054808-Doleel1], [@pone.0054808-Lysk1].

Our findings extend significantly previous results of cytogenetic mapping of 45S and 5S rRNA genes and a single copy BAC clone 2G17 in *Musa* [@pone.0054808-Barto1], [@pone.0054808-Osuji1], [@pone.0054808-Doleelov1], [@pone.0054808-Hibov2], [@pone.0054808-Valrik1]. The 45S rDNA cluster localized to NORs in all accessions and the number of loci corresponded to their ploidy. The only exception was the additional locus on one satellite chromosome in diploid hybrid clone 'Ato' (AS genome).

5S rRNA genes are more diverse in the number of loci as well as in the genomic location. The largest variation in the number of 5S rDNA sites was observed among the accessions of *M. acuminata* where the number of loci ranged from 4 to 8 per mitotic metaphase plate. It is tempting to suggest different number of 5S loci in different subspecies of *M. acuminata*. Unfortunately, our results on a limited set of accessions do not support this idea. For example, 'Maia Oa' (*M. acumina* ssp. *zebrina*) and 'Long Tavoy' (*M. acuminata* ssp. *burmanica*) have the same number of 5S loci. On the other hand, cytogenetic observations may question the taxonomic classification of some accessions. Further work is needed to verify both options. The numbers of 5S rDNA loci in diploid accessions are on line with previous studies [@pone.0054808-Barto1], [@pone.0054808-Osuji1], [@pone.0054808-Doleelov1] except of *M. balbisiana* 'Honduras' where Bartoš et al [@pone.0054808-Barto1] identified only four 5S rDNA loci. As the same genotype was analyzed in both studies (ITC 0247), the difference could be due to higher sensitivity of FISH in the present work. The highest number of 5S rDNA loci was found in *M. schizocarpa*. Twelve signals of 5S rDNA were detected in both representatives of this species, while Bartoš et al. [@pone.0054808-Barto1] detected only six 5S rDNA sites in *M. schizocarpa* (ITC 0890). The discrepancy may be due to higher sensitivity of FISH. But as a different genotype was analyzed by Bartoš et al. [@pone.0054808-Barto1] it is also possible that similarly to *M. acuminata*, there is a variation in the number of 5S loci in *M. schizocarpa*.

A BAC clone 2G17, which was originally identified as a single copy clone on mitotic chromosomes of *M. acuminata* 'Calcutta 4' [@pone.0054808-Hibov2] was localized on one chromosome pair in all diploid accessions with three exceptions. Four signals were observed on mitotic chromosomes of *M. balbisiana* 'Honduras'. This could be a consequence of the locus duplication in this genotype. On the other hand, only three signals of CL18 were found on mitotic chromosomes of *M. balbisiana* 'Cameroun' which could be explained by reduction or even loss of one locus in this clone. Only one signal of CL18 was detected in metaphase plate of hybrid clone 'Umbubu' (AT genome) suggesting that the locus diverged between the genomes of *Eumusa* and *Australimusa* species. An alternative explanation is a reduction or loss of this region during the formation and evolution of the hybrid genome.

Due to the lack of probes specific for individual chromosomes, we were not able to identify all chromosomes within the karyotypes of eleven diploid accessions and eight inter-specific hybrids of *Musa*. Nevertheless, we have succeeded in expanding significantly the number of individual chromosomes which can be identified based on specific chromosome FISH patterns ([Figure S3](#pone.0054808.s003){ref-type="supplementary-material"}, [Table 3](#pone-0054808-t003){ref-type="table"}). All chromosomes which could be identified unambiguously occurred in pairs of homologs in all accessions of *M. acuminata*, *M. balbisiana* and *M. schizocarpa*, indicating structural homozygosity. The only exception was found in *M. balbisiana* 'Cameroun' where only three loci of CL18 were found. However, our observation cannot exclude small chromosome exchanges and concerns only a subset of chromosomes. Structural heterozygosity influences chromosome behavior in meiosis, formation gametes, their genotype, distortions from expected Mendelian segregation and may cause sterility in hybrids [@pone.0054808-Cai1]. Differences in distribution of cytogenetic landmarks within and between the diploid *Musa* species may indicate differences in chromosome structure potentially leading to aberrant meiosis and sterility in intra- and inter-specific hybrids [@pone.0054808-Dodds1], [@pone.0054808-Shepherd1], [@pone.0054808-Wilson1].

The differences in FISH patterns between some chromosomes of *M. acuminata* and *M. balbisiana* provided information on the presence of some of their chromosomes in inter-specific hybrids and thus may contribute to the reconstruction of their genomic constitution. For example, triploid interspecific hybrid clones 'Obino l'Ewai', 'Maritú', and '3 Hands Planty' had the expected number of CL18 loci, which is on line with the reported AAB genome constitution ([Table 3](#pone-0054808-t003){ref-type="table"}). Triploid ABB clones 'Pelipita' and 'Balonkawe' were characterized by weak signals of CL33 after Southern hybridization. The presence of only one chromosome on which CL33 was detected by FISH seems to support the ABB genomic constitution with only one A genome (or its part) present.

Our results indicate that NOR-bearing satellite chromosomes are maintained in all hybrid clones we have analyzed. On the other hand, variation in the number of 5S rDNA loci was observed among the triploid hybrids ([Table 3](#pone-0054808-t003){ref-type="table"}). Specific numbers of 5S rDNA loci in A and B genotypes could aid in identification of the origin of hybrids. However, this would be only possible if genomic organization of 5S loci is known in a larger set of *M. acuminata* and *M. balbisiana* accessions covering the existing diversity.

FISH analysis on interspecific hybrids revealed deviations in the number of loci of BAC clone 2G17 and satellite DNA sequences from the expected numbers based on reported genomic constitution. Instead of the expected three hybridization sites of BAC 2G17, four loci were identified in three out of four triploid hybrids. Based on our observations in diploids, there should be a maximum of five CL18 loci in a triploid hybrid. However, both ABB hybrids had six loci ([Table 3](#pone-0054808-t003){ref-type="table"}). As we analyzed a limited set of diploid genotypes, we cannot exclude that other diploid genotypes have different number of CL18 loci and that the hybrids originated from them. The discrepancies between the expected and observed number of loci could be also due to backcrossing of primary hybrids to one of the parental species and a loss or gain of some chromosome types. Thus, our results may provide a support to the backcross hypothesis of De Langhe et al. [@pone.0054808-DeLanghe1]. Clearly, further analysis is needed to clarify the issue as tandem organized sequences can increase or decrease their copy number during the interspecific hybridization and polyploidization or can be removed completely from a hybrid genome [@pone.0054808-Macas4], [@pone.0054808-Tek2], [@pone.0054808-Urgakovi1]. Consequently they should be used with caution when determining genomic constitution in interspecific *Musa* hybrids.
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**(A) Dot-plot comparison of maTR_CL18 which was identified in 454 sequence data of** ***M. acuminata*** **'Calcutta 4'** [@pone.0054808-Hibov1] **and CL18-like repeat which was identified in whole genome sequence of** ***M. acuminata*** **'DH Pahang'** [@pone.0054808-DHont2] **.** Both repetitive units are more than 2.2 kb long and are organized in tandem arrays. (B) Dot-plot comparison of maTR_CL33 which was identified in 454 data of *M. acuminata* 'Calcutta 4' [@pone.0054808-Hibov1] and CL33-like repeat which was identified in whole genome sequence of *M. acuminata* 'DH Pahang' [@pone.0054808-DHont2]. Both repetitive units are 134 bp long and are organized in tandem arrays. Sequence similarities are represented by dots and diagonal lines (A, B).

(TIFF)

###### 

Click here for additional data file.

###### 

**Examples of genomic distribution of satellite DNA as determined on mitotic metaphase chromosomes of** ***Musa*** **after FISH with labeled probes for CL18 (red, labeled by arrows) and banana LINE element (green).** Chromosomes were counterstained with DAPI (blue). (A) 'Maia Oa'. (B) 'Long Tavoy'. (C) 'Tani'. (D) *M. schizocarpa* ITC 0560. (E) 'Pelipita'. (F) *M. schizocarpa* ITC 1002. (G) 'Obino l'Ewai'. (H) 'Maritú'. (I) 'Ato'. (J) 'Tonton Kepa'. (K) 'Umbubu'. Bar = 5 µm.
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**Idiograms of diploid (A -- C) and hybrid (D -- G)** ***Musa*** **accessions.** (A) *M. acuminata*, (B) *M. balbisiana*, (C) *M. schizocarpa*, (D) Hybrids with AAB genomics constitution, (E) Hybrids with ABB genomic constitution, (F) Hybrids with AS genomic constitution, (G) Hybrids with AT genomic constitution. No attempt was made to identify homologs in the hybrids (D -- G) and all chromosomes are shown. The chromosome sizes are only indicative.
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**Examples of genomic distribution of satellite DNA as determined on mitotic metaphase chromosomes of interspecific hybrids after FISH.** Chromosomes were counterstained with DAPI (blue). Sites of CL18 and CL33 probe hybridization are marked by long and thick arrows, respectively. (A) CL18 (red) and CL33 (green) on chromosomes of 'Maritú'. (B) CL18 (red) and 5S rDNA (green) on chromosomes of 'Maritú'. (C) 5S rDNA (red) and CL33 (green) on chromosomes of 'Maritú'. (D) CL18 (red) and BAC clone 2G17 (green) on chromosomes of 'Pelipita'. (E) CL18 (red) and 5S rDNA on chromosomes of 'Pelipita'. (F) CL18 (red) and CL33 (green) on chromosomes of 'Ato'. (G) CL18 (red) and 5S rDNA (green) on chromosomes of 'Tonton Kepa'. (H) CL18 (red) and CL33 (green) on chromosomes of 'Umbubu'. (I) 5S rDNA (red) and CL33 (green) on chromosomes of 'Ato'. (J) CL18 (red) and CL33 (green) on chromosomes of 'Tonton Kepa'. (K) 5S rDNA (red) and CL18 (green) on chromosomes of 'Umbubu'. Bar = 5 µm.
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**Basic characteristics and nucleotide diversity of part1 of CL18-like repeats.**

(DOC)

###### 

Click here for additional data file.

###### 

**Basic characteristics and nucleotide diversity of part2 of CL18-like repeats.**

(DOC)

###### 

Click here for additional data file.

###### 

**Basic characteristics and nucleotide diversity of CL33-like repeats.**

(DOC)

###### 

Click here for additional data file.

###### 

**Copy numbers of maTR_CL18 and maTR_CL33 satellites.**
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